Introductory paragraph: Multiciliated cells (MCCs) harbour dozens to hundreds of motile cilia, which beat in a synchronized and directional manner, thus generating hydrodynamic forces important in animal physiology 1, 2 . In vertebrates, MCC differentiation critically depends on the synthesis and release of numerous centrioles by specialized structures called deuterosomes 1-5 . Little is known about the composition, organization and regulation of deuterosomes. Here, single-cell RNA sequencing reveals that human deuterosome-stage MCCs are characterized by the expression of many cell cycle-related genes. Among those, we further investigated the uncharacterized vertebrate-specific cell division cycle 20B (CDC20B) gene. We show that the CDC20B protein associates to the deuterosome, and is required for the production of centrioles and cilia in mouse and Xenopus MCCs. In Xenopus, centrioles and cilia were efficiently rescued in absence of CDC20B by over-expression of the protease Separase, linking CDC20B function to centriole release from deuterosomes, in analogy to centriole disengagement in mitotic cells. This work reveals the shaping of a new biological function, deuterosome-mediated centriole production in vertebrate MCCs, by adaptation between ancestral and recently evolved cell cycle-related molecules.
the deuterosome, although canonical amplification from parental centrioles also occurs 1, 2, 6 .
Recent studies have suggested that deuterosome-mediated centriole synthesis mobilizes proteins usually involved in the centriole-dependent duplication pathway of the cell cycle, such as PLK4, CEP152 and SAS6 [3] [4] [5] . However, the deuterosome pathway also mobilizes specific components, structurally related to cell cycle molecules, such as the Geminin-related protein Multicilin (MCIDAS in mammals), which is necessary and sufficient to drive multiciliogenesis 9 , or the CEP63 paralogue DEUP1, an essential component of deuterosome assembly 5 . To better understand deuterosome biology, we used single-cell RNA sequencing (scRNA-seq) to identify genes expressed in maturing MCCs during the phase of centriole amplification.
We applied scRNA-seq analyses to 3D air-liquid primary cultures of human airway epithelial cells (HAECs) at the differentiation stage corresponding to active centriole multiplication 10 ( Fig. 1a ). Gene expression data from 1663 cells was projected on a 2D space by t-distributed Stochastic Neighbor Embedding (tSNE) (Fig. 1b ). We identified a small group of 37 cells corresponding to maturing MCCs engaged in deuterosome-mediated centriole amplification, as revealed by the specific expression of MCIDAS 9 , MYB 11 , and DEUP1 5 (Fig. 1c,d and Supplementary Fig. 1 ). This subpopulation was characterized by the expression of known effectors of centriole synthesis, such as PLK4, STIL, CEP152, SASS6, but also of cell cycle regulators, such as CDK1, CCNB1, CDC20, SGOL2 and NEK2 ( Fig. 1d and Supplementary   Fig. 1 ). We reasoned that uncharacterized cell cycle-related genes that are specific to this subpopulation could encode new components of the deuterosome-dependent centriole amplification pathway. A particularly interesting candidate in this category was CDC20B (Fig.   1d ), which is related to the cell cycle regulators CDC20 and FZR1 12 ( Supplementary Fig. 2a ).
First, the CDC20B gene is present in the vertebrate genomic locus that also contains the key MCC regulators MCIDAS 9 and CCNO 8 . Co-expression of CDC20B, MCIDAS and CCNO throughout HAEC differentiation was indeed observed in an independent RNA sequencing study, performed on a bulk population of HAECs ( Supplementary Fig. 2c ). These results fit well with the observation that the promoter of human CDC20B was strongly activated by the MCIDAS partners E2F1 and E2F4 ( Supplementary Fig. 2d ), as also shown in Xenopus by others 13 (Supplementary Fig. 2e ). Second, the CDC20B gene bears in its second intron the miR-449 microRNAs ( Supplementary Fig. 3k ), which were shown to contribute to MCC differentiation 10, [14] [15] [16] [17] . Finally, in Xenopus epidermal MCCs, cdc20b transcripts were specifically detected during the phase of centriole amplification ( Supplementary Fig. 3a-i ).
This first set of data pointed out the specific and conserved expression pattern of CDC20B in immature MCCs, and prompted us to analyze its putative role in centriole amplification.
We then analyzed the subcellular localization of CDC20B protein in human, mouse and Xenopus MCCs. As previously reported, the CDC20B protein was detected near BBs 10 , but also in cilia of fully differentiated human airway MCCs ( Supplementary Fig. 2f-h ). This was confirmed by proximity ligation assays that revealed a tight association of CDC20B with Centrin2 and acetylated α-tubulin, in BBs and cilia, respectively ( Supplementary Fig. 2i-k) .
In immature mouse tracheal MCCs, double immunofluorescence also revealed the association of CDC20B to Deup1-positive deuterosomes ( Fig. 2a and Supplementary Fig. 2b ). Likewise, CDC20B decorated deuterosomes, which were revealed by the centriole marker FOP in immature mouse ependymal MCCs (Fig. 2b) . Finally, we found that RFP-Cdc20b localized around GFP-Deup1 positive structures in immature Xenopus epidermal MCCs (Fig. 2c ). We conclude that in vertebrate MCCs, CDC20B is associated to deuterosomes during the phase of centriole production.
Next, Cdc20b was knocked down in mouse ependymal MCCs, through post-natal brain electroporation of three distinct shRNAs ( Supplementary Fig. 3j ). One of them, sh274, which targets the junction between exons 3 and 4, and can therefore only interact with mature mRNA, was useful to rule out possible interference with the production of miR-449 molecules from the CDC20B pre-mRNA ( Supplementary Fig. 3j ). Despite the reduced expression of CDC20B by all three shRNAs ( Fig. 3c ), MCC identity was not affected as revealed by FOXJ1 expression (Fig. 3a,b,d) . In sharp contrast to control shRNA (Fig. 3e ), Cdc20b shRNAs caused 50% to 70% of abnormal deuterosomal figures in early stage MCCs, including stalled, fused, oversized or minute deuterosomes ( Fig. 3f-h) . Late stage CDC20Bdeficient ependymal MCCs did not undergo proper multiciliogenesis, and often displayed few centrioles and aberrant deuterosomal figures, suggesting a blockage in the centriole biosynthesis pathway ( Fig. 3i-k) .
Cdc20b was also knocked down in Xenopus epidermal MCCs, through injection of two independent morpholino antisense oligonucleotides targeting either the ATG (Mo ATG), or the exon 1/intron 1 junction (Mo Spl) ( Supplementary Fig. 3k ). The efficiency of Mo ATG was verified through fluorescence extinction of co-injected cdc20b-GFP mRNA ( Supplementary Fig. 3m ). RT-PCR confirmed that Mo Spl caused intron 1 retention ( Supplementary Fig. 3l ), which is expected to introduce a premature stop codon, and to produce a Cdc20b protein lacking 96% of its amino-acids, likely to undergo unfolded protein response-mediated degradation. Thus, both morpholinos were expected to generate severe loss of Cdc20b function. We verified that neither morpholinos caused p53 transcript upregulation ( Supplementary Fig. 3n ), a non-specific response to morpholinos that is sometimes detected in zebrafish embryos 18 . Importantly, whole-mount in situ hybridization indicated that miR-449 expression was not perturbed in the presence of either morpholinos ( Supplementary   Fig. 3o ). We found that cdc20b knockdown did not interfere with acquisition of the MCC fate ( Supplementary Fig. 4a-e ), but severely impaired multiciliogenesis, as revealed by immunofluorescence and electron microscopy ( Fig. 4a -i). This defect stemmed from a dramatic reduction in the number of centrioles, and poor docking at the plasma membrane Supplementary Fig. 4f -k). Late-stage morphant MCCs that lacked cilia often displayed stalled deuterosomal figures, again suggesting a blockage in the centriole biosynthesis pathway ( Fig. 5l and Supplementary Fig. 4h ). Importantly, centrioles and cilia were rescued in Mo Spl MCCs by co-injection of cdc20b, venus-cdc20b or cdc20b-venus mRNAs ( Fig. 4j-o and Supplementary Fig. 4f-k) . In normal condition, Xenopus epidermal MCCs arise in the inner mesenchymal layer and intercalate into the outer epithelial layer, while the process of centriole amplification is underway. To rule out secondary defects due to poor radial intercalation, we assessed the consequences of cdc20b knockdown in MCCs induced in the outer layer by Multicilin overexpression 9 . Like in natural MCCs, Cdc20b proved to be essential for the production of centrioles and cilia in response to Multicilin activity ( Supplementary Fig. 5a -g). We also noted that the apical actin network that normally surrounds BBs was not maintained in absence of Cdc20b, although this defect could be secondary to the absence of centrioles ( Supplementary Fig. 5d -g). Altogether our functional assays indicate that CDC20B is required for the production of multiple centrioles in vertebrate MCCs.
CDC20B encodes a protein of about 519 amino-acids largely distributed across the vertebrate phylum 10 . In its C-terminal half, CDC20B contains seven well conserved WD40 repeats, predicted to form a β-propeller, showing 49% and 37% identity to CDC20 and FZR1 repeats, respectively ( Supplementary Fig. 2a ). While CDC20 and FZR1 bind and activate the Anaphase Promoting Complex (APC/C), CDC20B lacks canonical APC/C binding domains ( Supplementary Fig. 2a ), suggesting a distinct molecular function. Insight into this function was suggested by an unbiased interactome study, which reported an association of CDC20B with the mitotic kinase PLK1 19 . Phosphorylation of the pericentriolar material protein Pericentrin (PCNT) by PLK1 induces its cleavage by the protease Separase, thereby allowing centriole disengagement at the end of mitosis [20] [21] [22] . Based on our phenotypic observations, we hypothesized that the PLK1/Separase/PCNT axis could not only control centriole disengagement in mitotic cells, but also centriole release from deuterosomes in MCCs ( Fig.   5o ). Consistent with this idea, PLK1, Separase (ESPL1), its inhibitor Securin (PTTG1), and PCNT were found to be expressed in human deuterosome-stage MCCs ( Supplementary Fig.   1 ), and/or in Xenopus epidermal MCCs 13 . The corresponding proteins were all detected in maturing murine ependymal MCCs ( Fig. 5a-f ). Of particular relevance, PCNT showed a prominent association to deuterosomes actively engaged in centriole synthesis ( Fig. 5f ).
STED super-resolution fluorescent microscopy further revealed that PCNT was tightly associated to centriolar walls, consistent with a role in the physical maintenance of centrioles around deuterosomes ( Fig. 5g ). We also note that PLK1 was found enriched around deuterosomes of cultured murine ependymal MCCs prior to centriole disengagement 23 . We functionally tested our hypothesis, by over-expressing human Separase in Xenopus cdc20b morphant MCCs to force the release of centrioles from deuterosomes. Over-expression of wild-type, but not protease-dead Separase, efficiently rescued the production of centrioles and cilia in Cdc20b-deficient MCCs ( Supplementary Fig. 5q -w). Interestingly, we noticed that overexpression of Cdc20b or Separase both caused the formation of multipolar spindles in non-MCC dividing cells, consistent with forced centriole disengagement 24 ( Supplementary Fig. 5h -j). These results suggest that the function of CDC20B in early-stage MCCs consists of allowing the release by Separase of mature centrioles from deuterosomes.
In this study, we report for the first time the essential and conserved role of CDC20B in vertebrate multiciliogenesis. Our data suggest that the presence of CDC20B around deuterosomes is necessary to allow Separase-dependent proteolysis leading to centriole disengagement. How Separase is activated in maturing MCCs remains to be addressed.
During the cell cycle, Separase is activated through APC/C-mediated degradation of its inhibitor Securin, which involves activation of APC/C by CDC20 or FZR1 12 . We found that CDC20 and FZR1 are expressed in human deuterosome-stage MCCs ( Fig. 1d and Supplementary Fig. 1 ). CDC20 protein was detected in cultured murine ependymal MCCs during the phase of centriole disengagement 23 , and FZR1 genetic ablation was reported to cause reduced production of centrioles and cilia in mouse ependymal MCCs 25 . Although not formally excluded, direct APC/C activation by CDC20B is unlikely, based on its structure ( Supplementary Fig. 2a ) and on unbiased interactome studies, which failed to recover interaction with any of the APC/C complex components 19, 26 . APC/C is therefore likely activated in maturing MCCs by its classical partners, CDC20 and/or FZR1, leading to Separase activation through degradation of its inhibitor Securin. Additional factors may contribute to activation of Separase. For instance, we noticed that the APC/C inhibitor FBXO43 (EMI2) 27 is strongly up-regulated in mouse and frog MCCs 13, 28 . As PLK1 is known to induce SCF-mediated degradation of EMI2 29 , it could coordinate Separase activation in the cytoplasm and PCNT priming on deuterosomes. Also of interest, SPAG5 (Astrin), a common interactor of DEUP1 and CDC20B 26, 30 , was reported to control timely activation of Separase during the cell cycle 24 . It is therefore possible that multiple modes of activation of Separase act in parallel to trigger the release of neo-synthesized centrioles in maturing MCCs.
Alternatively, different pathways may be used in distinct species, or in distinct types of MCCs.
We found that beyond its association to deuterosomes during the phase of centriole amplification, CDC20B was also associated to basal bodies and cilia in fully differentiated MCCs. This dual localization in mature MCCs is consistent with poor BB apical docking and cilium growth caused by CDC20B knockdown in our models. However, refined temporal and spatial control of CDC20B inhibition will be needed to study its putative role beyond centriole synthesis. This and previous studies 10, [14] [15] [16] [17] establish that the miR-449 cluster and its host gene CDC20B are commonly involved in multiciliogenesis. Consistent with its early expression, it was suggested that miR-449 controls cell cycle exit and entry into differentiation of MCCs 10, 15 .
This study reveals that CDC20B is involved in the production of centrioles, the first key step of the multiciliogenesis process. From that perspective, the nested organization of miR-449 and CDC20B in vertebrate genomes, which allows their coordinated expression, appears crucial for successful multiciliogenesis.
Recently, congenital mutations in MCIDAS and CCNO were shown to cause a newlyrecognized MCC-specific disease, called Reduced Generation of Multiple motile Cilia (RGMC), characterized by severe chronic lung infections and increased risk of infertility 7, 8 .
Its location in the same genetic locus as MCIDAS and CCNO makes CDC20B a good candidate for RGMC. By extension, new deuterosome-stage specific genes uncovered by scRNA-seq in this study also represent potential candidates for additional RGMC mutations.
Previous works have established the involvement of the centriole duplication machinery active in S-phase of the cell cycle, during centriole multiplication of vertebrate post-mitotic MCCs 3-5 . Our study further reveals a striking analogy between centriole disengagement from deuterosomes in MCCs, and centriole disengagement that occurs during the M/G1 transition of the cell cycle ( Fig. 5o ). Thus, it appears that centriole production in MCCs recapitulates the key steps of the centriole duplication cycle 31 . However, the cell cycle machinery must adapt to the acentriolar deuterosome to massively produce centrioles. Such adaptation appears to involve physical and functional interactions between canonical cell cycle molecules, such as CEP152 and PLK1, and recently evolved cell cycle-related deuterosomal molecules, such as DEUP1 5 and CDC20B. It remains to examine whether additional deuterosomal molecules have emerged in the vertebrate phylum to sustain massive centriole production in MCCs.
In conclusion, this work illustrates how coordination between ancestral and recently evolved cell cycle-related molecules can give rise to a new differentiation mechanism in vertebrates. Additional analyses were performed using R. Pseudotemporal ordering of single cells was performed with the last release of the Monocle package 32 . Cell cycle scores were calculated by summing the normalized intensities of genes belonging to phase-specific gene sets then centered and scaled by phase. Gene sets for each phase were curated from previously described sets of genes 33 (Table S1 ). Data was submitted to the GEO portal under series reference GSE103518. Data shown in Figure 1 is representative of 4 independent experiments performed on distinct primary cultures.
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Materials and Methods
Subjects
RNA sequencing of HAECs
For Figure S3A, 
Proximity ligation Assays
Fully differentiated HAECs were dissociated by incubation with 0.1% protease type XIV from Streptomyces griseus (Sigma-Aldrich) in HBSS (Hanks' balanced salts) for 4 hours at 4°C. Cells were gently detached from the Transwells by pipetting and then transferred to a microtube. Cells were then cytocentrifuged at 300 rpm for 8 min onto SuperFrostPlus slides using a Shandon Cytospin 3 cytocentrifuge. Slides were fixed for 10 min in methanol at -20°C for Centrin2 and ZO1 assays, and for 10 min in 4% paraformaldehyde at room temperature and then permeabilized with 0.5% Triton X-100 in PBS for 10 min for Acetylated-α-tubulin assays. Cells were blocked with 3% BSA in PBS for 30 min. The incubation with primary antibodies was carried out at room temperature for 2 h. Then, mouse and rabbit secondary antibodies from the Duolink® Red kit (Sigma-Aldrich) were applied and slides were processed according to manufacturer's instructions. Images were acquired using the Olympus Fv10i confocal imaging systems with 60X oil immersion objective and Alexa 647 detection parameters.
Mice
Timed pregnant CD1 mice were used (Charles Rivers, Lyon, France). Animal experiments were carried out in accordance to European Community Council Directive and approved by French ethical committees (comité d'éthique pour l'expérimentation animale n°14;
permission number: 62-12112012).
Immunostaining on mouse ependyma
Immunostaining on ependyma preparations were performed as previously described 39 .
Briefly, dissected brains were subjected to 12 min fixation in 4% paraformaldehyde, 0.1% Triton X-100, blocked 1 hour in PBS, 3% BSA, incubated overnight with primary antibodies diluted in PBS, 3% BSA, and incubated 1 h with secondary antibodies at room temperature. Postnatal mouse brain electroporation Postnatal mouse brain electroporation was performed as described previously 41 . Briefly, P1 pups were anesthetized by hypothermia. A glass micropipette was inserted into the lateral ventricle, and 2 µl of plasmid solution (concentration 3µg/µl) was injected by expiratory pressure using an aspirator tube assembly (Drummond). Successfully injected animals were subjected to five 95V electrical pulses (50 ms, separated by 950 ms intervals) using the CUY21 edit device (Nepagene, Chiba, Japan), and 10 mm tweezer electrodes (CUY650P10, Nepagene) coated with conductive gel (Signagel, Parker laboratories). Electroporated animals were reanimated in a 37°C incubator before returning to the mother.
Statistical analyses of mouse experiments
Analysis of Cdc20b shRNAs efficiency ( Fig. 3c 
Immunostaining on HAECs and MTECs
Three days after setting-up the air-liquid interface, MTECs on Transwell membranes were pre-extracted with 0.5% Triton X-100 in PBS for 3 min, and then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. HAECs were treated 21 days after setting-up the air-liquid interface. They were fixed directly on Transwells with 100% cold methanol for 10 min at -20°C (for CDC20B and Centrin2 co-staining, Fig. S5A,B) Coupled primary antibodies were applied after secondary antibodies had been extensively washed. To check the efficiency of Mo SPL, expected to cause retention of intron1 in the mature mRNA of cdc20b we directed forward (5'-cctcccgagagttagagga-3') and reverse (5'gcatgttgtactttctgctcca-3') primers in exon1 and exon2, respectively.
Cells, transfection and western blot analysis
To check the expression of p53 in morphants by qPCR, primers were as follows: forward: 5'cgcagccgctatgagatgatt-3'; reverse: 5'-cacttgcggcacttaatggt-3'. The relative expression of p53 was normalized to Histone4 expression (H4) for which primers were as follows: forward: 5'ggtgatgccctggatgttgt-3'; reverse: 5'-ggcaaaggaggaaaaggactg-3'.
Immunostainining on Xenopus embryos
Embryos were fixed in 4% paraformaldehyde (PFA) overnight at 4°C and stored in 100% methanol at -20°C. Embryos were rehydrated in PBT and washed in MABX (Maleic Acid Buffer + Triton X100 0,1% v/v). Next, embryos were incubated in Blocking Reagent (Roche) 2% BR + 15% Serum + MABX with respective primary and secondary antibodies (see table   below ). For all experiments secondary antibodies conjugated with Alexa were used. GFP-CAAX in Fig. S7E was revealed using a rabbit anti-GFP antibody together with a secondary antibody coupled to HRP, which was revealed as described previously 10 
In situ hybridization on Xenopus embryos
Whole-mount chromogenic in situ hybridization was performed as described previously 43 .
Whole-mount fluorescent in situ hybridisation (FISH) was performed as described previously was observed and analyzed into a digital imaging microscope (FEI TENEO). Embryos were processed as described previously 44 Ensembl  ORC1  ENSG00000085840  ANKRD18A  ENSG00000273170  IQGAP3  ENSG00000183856  CKS1B  ENSG00000268942  TROAP  ENSG00000135451  ZNF367  ENSG00000165244  REEP1  ENSG00000068615  TRAIP  ENSG00000183763  DEPDC1B  ENSG00000035499  CDKN3  ENSG00000100526  ADAMTS1  ENSG00000154734  DEPDC7  ENSG00000121690  CDC25C  ENSG00000158402  SHCBP1  ENSG00000171241  PRC1  ENSG00000198901  CCNE2  ENSG00000175305  CDC7  ENSG00000097046  NEIL3  ENSG00000109674  FAM64A  ENSG00000129195  HSD17B11  ENSG00000198189  CDC25A  ENSG00000164045  DNA2  ENSG00000138346  PIF1  ENSG00000140451  FYN  ENSG00000010810  BTBD3  ENSG00000132640  RECQL4  ENSG00000160957  EXO1  ENSG00000174371  KIFC1  ENSG00000237649  KIF2C  ENSG00000142945  SLC39A10  ENSG00000196950  DTL  ENSG00000143476  KDELC1  ENSG00000134901  HJURP  ENSG00000123485  SPAG5  ENSG00000076382  GTF3C4  ENSG00000125484  CDC6  ENSG00000094804  ANKRD18A  ENSG00000180071  NCAPH  ENSG00000121152  CIT  ENSG00000122966  WWC1  ENSG00000113645  CCNE1  ENSG00000105173  BRIP1  ENSG00000136492  KIF23  ENSG00000137807  CENPA  ENSG00000115163  ELP3  ENSG00000134014  MCM2  ENSG00000073111  PKMYT1  ENSG00000127564  SKA3  ENSG00000165480  DIAPH3  ENSG00000139734  FOXK2  ENSG00000141568  GINS3  ENSG00000181938  CDC45  ENSG00000093009  KIAA1524  ENSG00000163507  CADM1  ENSG00000182985  OPN3  ENSG00000054277  CHAF1B  ENSG00000159259  C11orf82  ENSG00000165490  NDC80  ENSG00000080986  KIF14  ENSG00000118193  KIAA0586  ENSG00000100578  WDR76  ENSG00000092470  BLM  ENSG00000197299  CCNF  ENSG00000162063  PLK1  ENSG00000166851  ANTXR1  ENSG00000169604  MCM6  ENSG00000076003  RAD51  ENSG00000051180  CDCA8  ENSG00000134690  MDC1  ENSG00000137337  CEP70  ENSG00000114107  CLSPN  ENSG00000092853  CCDC150  ENSG00000144395  PSRC1  ENSG00000134222  DEPDC1  ENSG00000024526  HMGCR  ENSG00000113161  CDCA7  ENSG00000144354  CDCA5  ENSG00000146670  FANCD2  ENSG00000144554  BUB1  ENSG00000169679  TULP4  ENSG00000130338  OSBPL6  ENSG00000079156  CPNE8  ENSG00000139117  ESPL1  ENSG00000135476  DLGAP5  ENSG00000126787  ZNF281  ENSG00000162702  RAB23  ENSG00000112210  MCM8  ENSG00000125885  CDR2  ENSG00000140743  NUF2  ENSG00000143228  CDK7  ENSG00000134058  PLCXD1  ENSG00000182378  ESCO2  ENSG00000171320  AURKB  ENSG00000178999  CEP55  ENSG00000138180  LYAR  ENSG00000145220  SKP2  ENSG00000145604  GOLGA8B  ENSG00000215252  BORA  ENSG00000136122  GTSE1  ENSG00000075218  PPP6R3  ENSG00000110075  MDM1  ENSG00000111554  ASF1B  ENSG00000105011  LMNB1  ENSG00000113368  HMMR  ENSG00000072571  DCP1A  ENSG00000162290  GINS2  ENSG00000131153  FANCA  ENSG00000187741  TRIM59  ENSG00000213186  FOXM1  ENSG00000111206  FAM189B  ENSG00000160767  E2F1  ENSG00000101412  INTS7  ENSG00000143493  CHEK2  ENSG00000183765  E2F5  ENSG00000133740  AGPAT3  ENSG00000160216  MCM5  ENSG00000100297  POLA1  ENSG00000101868  MND1  ENSG00000121211  PRR11  ENSG00000068489  PSEN1  ENSG00000080815  SNHG10  ENSG00000247092  FANCI  ENSG00000140525  CDCA2  ENSG00000184661  NEK2  ENSG00000117650  NUP37  ENSG00000075188  HSF2  ENSG00000025156  RRM2  ENSG00000171848  CKAP2L  ENSG00000169607  TACC3  ENSG00000013810  MSL1  ENSG00000188895  UBR7  ENSG00000012963  TTLL7  ENSG00000137941  STIL  ENSG00000123473  CENPE  ENSG00000138778  AGFG1  ENSG00000173744  RMI2  ENSG00000175643  RAD51AP1  ENSG00000111247  POLQ  ENSG00000051341  CCNB2  ENSG00000157456  SNUPN  ENSG00000169371  NUP43  ENSG00000120253  KAT2B  ENSG00000114166  MELK  ENSG00000165304  CDC20  ENSG00000117399  STAG1  ENSG00000118007  ACD  ENSG00000102977  CHML  ENSG00000203668  CENPL  ENSG00000120334  BIRC5  ENSG00000089685  LRIF1  ENSG00000121931  ZMYND19  ENSG00000165724  BRCA1  ENSG00000012048  LIX1L  ENSG00000152022  CCDC88A  ENSG00000115355  PAK1IP1  ENSG00000111845  MSH2  ENSG00000095002  ABHD10  ENSG00000144827  KIF11  ENSG00000138160  POC1A  ENSG00000164087  NCOA3  ENSG00000124151  CDCA7L  ENSG00000164649  TYMS  ENSG00000176890  C14orf80  ENSG00000185347  MKI67  ENSG00000148773  PTTG1  ENSG00000164611  KIAA1586  ENSG00000168116  PRIM1  ENSG00000198056  UBE2C  ENSG00000175063  MKI67  ENSG00000148773  CTR9  ENSG00000198730  PMS1  ENSG00000064933  TTC31  ENSG00000115282  NCAPD3  ENSG00000151503  HSPA13  ENSG00000155304  DKC1  ENSG00000130826  UNG  ENSG00000076248  E2F8  ENSG00000129173  HAUS8  ENSG00000131351  CDC25B  ENSG00000101224  FOPNL  ENSG00000133393  KIAA1147  ENSG00000257093  CENPQ  ENSG00000031691  FAM83D  ENSG00000101447  TPX2  ENSG00000088325  VCL  ENSG00000035403  POLD3  ENSG00000077514  PHTF1  ENSG00000116793  CDK1  ENSG00000170312  AURKA  ENSG00000087586  MRPS2  ENSG00000122140  ANKRD10  ENSG00000088448  MASTL  ENSG00000120539  MAD2L1  ENSG00000164109  ANKRD40  ENSG00000154945  WIPF2  ENSG00000171475  CHAF1A  ENSG00000167670  OSGIN2  ENSG00000164823  GABPB1  ENSG00000104064  CENPF  ENSG00000117724  BARD1  ENSG00000138376  GOLGA8A  ENSG00000175265  SAP30  ENSG00000164105  CNTROB  ENSG00000170037  INTS8  ENSG00000164941  PHTF2  ENSG00000006576  CFD  ENSG00000197766  NCAPD2  ENSG00000010292  APEX2  ENSG00000169188  BBS2  ENSG00000125124  TTF2  ENSG00000116830  SGOL2  ENSG00000163535  ACYP1  ENSG00000119640  BMI1  ENSG00000168283  MID1  ENSG00000101871  SRF  ENSG00000112658  MRI1  ENSG00000037757  FEN1  ENSG00000168496  GAS1  ENSG00000180447  DZIP3  ENSG00000198919  INSR  ENSG00000171105  RMI1  ENSG00000178966  TUBA1A  ENSG00000167552  ECT2  ENSG00000114346  TOPBP1  ENSG00000163781  NSUN3  ENSG00000178694  ZNF587  ENSG00000198466  ORAOV1  ENSG00000149716  FAM105B  ENSG00000154124  KAT2A  ENSG00000108773  TUBD1  ENSG00000108423  NUP35  ENSG00000163002  NPAT  ENSG00000149308  CENPM  ENSG00000100162  FAN1  ENSG00000198690  PTPN9  ENSG00000169410  PCDH7  ENSG00000169851  ZWINT  ENSG00000122952  CDKN2C  ENSG00000123080  HS2ST1  ENSG00000153936  GMNN  ENSG00000112312  ORC3  ENSG00000135336  TUBB2A  ENSG00000137267  RCAN1  ENSG00000159200  RNPC3  ENSG00000185946  KIAA1598  ENSG00000187164  TNPO2  ENSG00000105576  SS18  ENSG00000141380  RNF113A  ENSG00000125352  BIVM  ENSG00000134897  ZNHIT2  ENSG00000174276  HCFC1  ENSG00000172534  FAM122A  ENSG00000187866  DNAJB4  ENSG00000162616  TRMT2A  ENSG00000099899  NUP98  ENSG00000110713  CAPN7  ENSG00000131375  CCDC84  ENSG00000186166  PKNOX1  ENSG00000160199  POM121  ENSG00000196313  TIPIN  ENSG00000075131  DCAF16  ENSG00000163257  ENTPD5  ENSG00000187097  TOMM34  ENSG00000025772  C14orf142  ENSG00000170270  NUP160  ENSG00000030066  KDM4A  ENSG00000066135  CKAP5  ENSG00000175216  LNPEP  ENSG00000113441  RFC2  ENSG00000049541  STK17B  ENSG00000081320  GRK6  ENSG00000198055  USP53  ENSG00000145390  CDKN2AIP  ENSG00000168564  KLF6  ENSG00000067082  SEPHS1  ENSG00000086475  PANK2  ENSG00000125779  UBE2T  ENSG00000077152  KATNA1  ENSG00000186625  QRICH1  ENSG00000198218  VPS72  ENSG00000163159  DHFR  ENSG00000228716  H2AFX  ENSG00000188486  AHI1  ENSG00000135541  DIS3  ENSG00000083520  PTAR1  ENSG00000188647  BRD8  ENSG00000112983  CNOT10  ENSG00000182973  RAD18  ENSG00000070950  RCCD1  ENSG00000166965  KLF9  ENSG00000119138  OGT  ENSG00000147162  CDKN1B  ENSG00000111276  SETD8  ENSG00000183955  EZH2  ENSG00000106462  UACA  ENSG00000137831  ATF7IP  ENSG00000171681  C5orf42  ENSG00000197603  KCTD9  ENSG00000104756  RAD51C  ENSG00000108384  LYRM7  ENSG00000186687  ATL2  ENSG00000119787  CDC42EP1  ENSG00000128283  CCDC14  ENSG00000175455  KPNA2  ENSG00000182481  HPS4  ENSG00000100099  NAB1  ENSG00000138386  HRSP12  ENSG00000132541  GOT1  ENSG00000120053  SP1  ENSG00000185591  VTA1  ENSG00000009844  MZT1  ENSG00000204899  RPA2  ENSG00000117748  HMGB2  ENSG00000164104  RRP1  ENSG00000160214  RBBP8  ENSG00000101773  C2orf69  ENSG00000178074  AKIRIN2  ENSG00000135334  RRM1  ENSG00000167325  FADD  ENSG00000168040  CDC27  ENSG00000004897  FAM178A  ENSG00000119906  HIPK2  ENSG00000064393  SMARCD1  ENSG00000066117  SAP30BP  ENSG00000161526  KIF22  ENSG00000079616  BIRC2  ENSG00000110330  NT5DC1  ENSG00000178425  MGAT2  ENSG00000168282  CERS6  ENSG00000172292  NR3C1  ENSG00000113580  ZBED5  ENSG00000236287  DHX8  ENSG00000067596  MAP3K2  ENSG00000169967  NMB  ENSG00000197696  TFAP2A  ENSG00000137203  HINT3  ENSG00000111911  CDC16  ENSG00000130177  NUMA1  ENSG00000137497  ARMC1  ENSG00000104442  STAT1  ENSG00000115415  CCDC107  ENSG00000159884  TMPO  ENSG00000120802   G1/S  S  G2/M  M  M/G1 
